INTRODUCTION
Drawn from industrial and commercial activities, the world's human population concentrates on specific regions. Such a phenomenon is known as 'urbanization'. Although the urbanization brings a higher economic development, the excessive population concentration will cause environmental damage and pollution like air pollution, noise pollution, water pollution, etc.
Among various kinds of pollution, air pollution has a direct impact on our lives, because of the rapid emission of pollutants.
Over the past decades, governments of many countries have imposed different regulations on air pollutants, so the severe damage brought to human health is reduced considerably. Although there may be no the immediate damage to human lives, however, air pollution still causes some chronic diseases. According to epidemiological studies [1] , for example, the long-term exposure to pollutants may result in the harm to respiratory, nervous and cardiovascular systems.
Therefore, the real-time monitoring of the air quality is particularly important and necessary.
High urbanization in an area may lead to the absence of vegetation in that area. Air cleaning and temperature cooling become more difficult because of the lack of vegetation, and the area will be inevitably influenced by the urban heat island effect [2] . Moreover, the crowded tall buildings and heavy transportation also prevent air pollutants from dispersing. Thus, the government in Taiwan built many air quality monitoring stations to monitor the air quality in urban areas.
However, the cost of building the stations is very expensive, so the deployment density is rather low. Let's take the Taipei city as an example. There are approximately 2.6 million people living in an area of 271.8 square kilometer, but only eight air quality monitoring stations are deployed Jen-Hao Liu, Yu-Fan Chen, Tzu-Shiang Lin, Chia-Pang Chen, Po-Tang Chen, Tzai-Hung Wen , Chih-Hong Sun, Jehn-Yih Juang, and Joe-Air Jiang, An Air Quality Monitoring System for Urban Areas Based on the Technology of Wireless Sensor Networks in the area. The distance between the monitoring stations is more than dozens of kilometers. Such a strategy for air quality monitoring does not provide a higher spatiotemporal resolution. This paper proposes an automatic micro-scaled air quality monitoring system for areas with a high density of population and vehicles as shown in Figure 1 . The system is based on the wireless sensor network technology and integrates with the global system for mobile communications (GSM) employed for data transmission. The monitoring system consists of a gateway and sensor nodes equipped with the air quality detection sensors. The gateway collects the data received from the sensor nodes and transmits the data to the control center with a database by the GSM network. The high-resolution meteorological data and concentrations of air pollutants can be provided in a real-time manner, including rainfall, wind speed, wind direction, temperature, humidity and the concentration of carbon monoxide (CO). For a preliminary research result, we only target the concentration of CO. In the future, however, a variety of pollutants will be considered by equipping the sensor nodes with corresponding gas sensors. CO is toxic to humans and animals. The National Fire Protection Association (NFPA) in the United States indicates that the main way that CO enters human body is through breathing. The symptoms of CO poisoning are very similar to the symptoms of getting the flu and food poisoning. The symptoms include shortness of breath, nausea, dizziness, and headaches. A high level of CO concentration is fatal, causing death within minutes if not treated [3] . Thus, in our research, a real-time monitoring system is proposed and implemented in the real environment. This system not only overcomes the problem that many monitoring systems cannot immediately send sensing data back but also provides a good way to monitor air pollution parameters such as CO concentration. This paper is organized as follows. Section II provides the related works. Section III outlines the architecture of the WSN and introduces our monitoring system. The section IV shows the experimental results. The final section concludes the paper.
II. RELATED WORK
In this section, we review studies that propose wide-range air quality monitoring systems. The merits and drawbacks of these systems, as well as the reasons why we decide to monitor the concentration of carbon monoxide (CO), are addressed.
A number of air quality monitoring systems have been developed by researchers. For instance, the Mobile Air Quality Monitoring Network (MAQUMON) introduced a mobile monitoring system that utilized moving vehicles equipped with sensor nodes to monitor air quality in a large area [4] . Each sensor node consisted of a microcontroller, an on-board Global Positioning System (GPS) unit, and a set of sensors to detect the concentrations of ozone (O 3 ), CO, and nitrogen dioxide (NO 2 ). The node was able to send the sensing data to the gateway in a car through the Bluetooth connection. When the car moved, the sensor node would detect the concentrations every minute and store the data tagged with location information into a memory. When the car moved to a Wi-Fi hotspot, the gateway in the car transmitted the data to the server, and the data would be processed and published on the sensorMap portal. MAQUMON provides a detailed record regarding air quality and pollutant dispersion within the area. But this monitoring system could not immediately send the monitoring data back. Nor was the meteorological information provided by the monitoring system. Moreover, Choi et al. proposed a monitoring system targeting air pollutants, called 'APOLLO' [5] . This system could simultaneously monitor many air pollutants (CO, NO 2 , volatile organic compounds (VOC), particulate matter (PM), and carbon dioxide (CO 2 )) while integrating the WSN technology into the system to transmit sensing data. In their study, however, only a prototype of the system was developed, and no system was actually deployed for outdoor environmental monitoring. [7] . OSIRIS supported different monitoring tasks, and could be applied to monitoring air pollution, water pollution, forest fire, and industry fire. User could easily get different monitoring data via its integrated architecture. Based on OSIRIS, a Spain research team designed the sensor nodes equipped with air pollutant analyzers and attached them onto the roofs of buses and buildings to monitor air quality [8] . The monitoring targets included CO and NO 2 concentrations and noise.
These sensor nodes formed a mobile sensor network. The mobile sensor nodes were allowed to communicate with the anchor nodes. After the anchor nodes transmitted the sensing data to the gateway, the gateway would transfer the data to the control center through the GSM network.
OSIRIS, however, could not provide meteorological information, and it also required a large number of sensor nodes to complete monitoring tasks.
III. MATERIALS FOR EXPERIMENT AND SYSTEM MAPPING
In this study, the micro-scale air quality monitoring system is mainly composed of two parts, including a front-end automatic monitoring system and a control center, as shown in Figure 2 .
The front-end automatic monitoring system uses the WSN as its core technology, accompanied by the technology of Global System for Mobile Communications (GSM). This monitoring system Through the LabVIEW program [9] , the sensing data can be stored and integrated into the database. In addition, users can make inquiries to the historical data and the latest updated data through the web page provided by the database.
a. Sensor Nodes
Wireless Communication Module
The micro-scale air quality monitoring system employs the Octopus II, developed by the Department of Computer Science at National Tsing Hua University in Taiwan, as its wireless sensor nodes. The configuration of the Octopus II [10] is shown in Figure 3 . The Octopus II is based upon the Texas Instruments MSP430F1611 architecture [11] . Fifty pins are available for general purpose input/output and dual 12-bit digital-to-analog (D/A) converters with synchronization. The Octopus II contains a light sensor (Hamamatsu S1087) [12] and a temperature-humidity sensor (Sensirion SHT11) [13] for environmental information acquisition.
The memory (10 KB RAM, 48 KB ROM flash, 1 MB extend flash memory) provided by the Octopus II is rather large, so it might serve as a buffer to temporarily store sensing data when the 
Gaseous Pollution Sensors
In this paper, CO derived from the vehicle emissions is selected as the research target, since it is one of the main sources of air pollution and highly toxic to human beings. We use MiCS-5525 [15] to monitor the CO concentration. MiCS-5525 is a semiconductor-based sensor produced by The architecture of the sensor node in our system is shown in Figure 5 . The sensor node includes a bridge module, a wireless communication module (Octopus II), a temperature/humidity sensor, and a CO sensor. We use a 12 V/ 9 Ah battery as the power supply for the node. The CO sensor is also driven by the bridge module. The sensor device is placed inside a waterproof box with two hole affixed with a breathable waterproof membrane as shown in Figure 6 .
Jen signal modulation circuits are utilized to modulate the sensing signal generated from the CO sensor, and the power switch circuits are used to turn on/off the CO sensor in order to conserve energy. Figure 8 shows the bridge module. We will introduce the detailed design of the three portions of the bridge module in the following section.
Voltage Regulation Circuits
The monitoring system is powered by a 12 V/ 9 Ah battery. The voltage regulation circuits regulate the voltage to 5 V from 12 V using the buck regulator for Octopus II and CO sensor. In addition, the voltage regulation circuits can provide several outputs of 5 V as shown in Figure 9 .
The sensor node records the information regarding the battery voltage in order to determine the timing of changing the battery.
Jen This Medium Access Control (MAC) protocol is designed by the nesC language, and TinyOS is adopted as its operating system. The designed protocol allows the wireless sensor nodes to sense environmental parameters, transmit sensing data, and fulfill the self-organization. As shown in Figure 11 , four phases are included in our proposed MAC protocol, including 1) network establishment phase; 2) configuration phase; 3) data collection phase; and 4) sleep phase. In the network establishment phase, each node establishes its links with the parent nodes. The sensing data is sent back to the gateway through one of these links, which is chosen by the sensor node according to the received signal strength indication (RSSI). In this phase, the nodes listen to the information of neighbor nodes for self-reorganization. In the third phase, the entire sensor nodes transmit the data from the bottom layer to the top layer after collecting the sensing data. After all nodes transmit their data, they will enter the sleep phase.
After a given period of time, the nodes will wake up and enter the configuration phase.
Afterward, they undertake a new data collection task.
c. Gateway
The gateway is responsible for controlling the sensor nodes, collecting the sensing data received from the nodes, and transmitting the data to the control center. The data to be transmitted to the gateway includes not only the readings received from the sensor nodes -such as temperature, relative humidity, concentration of CO, and the voltage of battery -but also the meteorological information acquired through the La Crosse Technology WS-2316 weather station module [16] . [17]. Figure 13 shows the actual settings of the gateway. All the external devices affixed to the gateway will be introduced in the following section. The GSM module, produced by the WAVECOM Corporation, supports the Short Message Service (SMS). Based on a preset SMS format, all of the collected data is then sent to a control center database via the GSM module. Furthermore, using this GSM-SMS technique, the frontend automatic monitoring system can be remotely controlled by the control center through the GSM module. The format designed for the short message packets used in this study follows the design in our previous work [19] .
Weather Station Module
The weather station module WS-2316, manufactured by the La Crosse Technology, provides a variety of meteorological parameters, such as temperature, relative humidity, barometric pressure, wind speed, wind direction, and rainfall. The specification of the weather station is shown in Table I . When all of the data generated by the wireless sensor nodes are collected by the gateway, the gateway will transmit the data along with the meteorological information, acquired from the WS-2316 weather station module, to the control center via the GSM module.
d. Control Center
The control center includes an integrated management system, built upon the LabVIEW platform, and a MySQL database. The LabVIEW, developed by the National Instruments, is a platform Jen-Hao Liu, Yu-Fan Chen, Tzu-Shiang Lin, Chia-Pang Chen, Po-Tang Chen, Tzai-Hung Wen , Chih-Hong Sun, Jehn-Yih Juang, and Joe-Air Jiang, An Air Quality Monitoring System for Urban Areas Based on the Technology of Wireless Sensor Networks Table I . The specification of the WS-2316 weather station module based on a visual programming language. The integrated management system can store different types of data into the MySQL database. Through the MySQL database, a webpage service server allows multi-user access to historical data and latest updated data. Figure 14 shows the flowchart of the integrated management system. In the beginning, the system checks the connection to the GSM module and the signal quality of the GSM network and then waits for the SMS message. If there is a new SMS message, the system will know how much time is required to record all of the following SMS messages according to the content of the new message. Finally, the system stores the SMS messages into the MySQL database and deletes temporary SMS messages to make more room for other incoming messages.
Furthermore, the database can be modified only through its local computer for security concerns.
Remote users are only allowed to make inquiries to historical data and latest updated data through the web pages provided by the database management system to avoid any discredit to the data.
IV. EXPERIMENTAL RESULTS
In order to accurately obtain the CO concentration, we conducted a linear regression analysis on the monitoring data provided by the Environmental Protection Administration (EPA) monitoring station and our sensing data generated by the MCS-5521. Based on the linear regression result,
we created a calibration equation that can be used to correct the readings of CO concentration from the CO sensor.
In the calibration experiment, we set up 9 sensor nodes next to the sensors from the EPA monitoring station at Yonghe in New Taipei City, as shown in Figure 15 . witnessed heavy traffic during the rush hours, and this area urgently requires an air quality monitoring system. We set up a test bed in the Gong Guan roundabout. As shown in Figure 18 , the urban air quality monitoring system located in the Gong Guan roundabout includes a gateway and 9 sensor nodes. Figure 19 shows the deployment of the proposed system. In this study, the sensor nodes were used to collect air pollution and meteorological data every ten minutes, including temperature, relative humidity, CO sensor voltage, wind speed, wind direction, and atmospheric pressure. The CO concentration detected by the nine sensor nodes are shown in Figure 20 . There were 24 data sets per day, coming from the hourly averaged data. Two peaks were found at 7 a.m. and 7 p.m., which echoed the rush hours during the daytime.
Especially, in rush hours, there were significant changes in the data collected by sensor nodes 3, 4, 5, 7 and 9, because the sensor nodes were mounted on the traffic signals near the intersection.
A high concentration of pollutions was detected and continuously accumulating when motor vehicles waited for green lights. As a result, the CO concentration detected by sensor nodes 3 and In addition, the monitoring data reveals high-resolution pollution conditions near the Gong Guan roundabout in the Taipei city of Taiwan. The data can be an important source when addressing the issue of the impacts of motorcycles at idle (e.g. waiting for a green light) on air quality.
Moreover, to achieve real-time monitoring, the data of CO concentration in a particular place could be reviewed from mobile communication devices, such as PDAs, smart phones, and tablet
PCs to help keep air quality in check.
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